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/)' FLIGHT CHARACTERISTICS OF A  l/4-SCALE MODEL OF THE XFV-lAIRPLANE 

&ED NO. NACA DE-378) 

By Mark W . Kelly and Louis H. Smaus 

SUMMARY 
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A l/4-scale dynamically similar model of the XFV-1 airplane has 
been flown in the Ames 40- by 80-foot wind tunnel, using :the. trailing- 
flight-cable technique. ,This investigation was devoted to establishing 
the flight:characteristics of the,model in..'forward flight from  hovering 
to wing stall,. and in yawed flight (wing span alined with the relative 
wind) from  hovering to the maximum speed at which controlled flight 
could be maintained. Landings, take-offs, and hovering characteristics 
in flights close to the ground were also investigated.. Since the 
remote control system for the model was rather complicated and pro- 
vided artificial damping about the pitch, roll, and yaw axes, suffi-. 
cient, data from  the control-system  calibration tests are included Tn 
this report to specify the performance of the control system in rela- 
tion to both the model flight tests and the design of anautomatic r 
control system for the full-scale airplane. 

:., The model in hovering flight appeared to be'neutrally ,stable, 
The response of the model to the controls was very rapid,' and'it was " 
always necessary to provide some amount of artificial damping to main- 
tain,control. .,. .'", I 

:,, The model could be landed with little difficulty by hovering 1 
approximate1y.a foot above the floor and then cutting the power. 
Take-offs were more difficult to perform , primarily because the rate 
of change in power t,o the ,model motors.was lim ited by the chsreer- 

n ',... ~stXc%i of'the available, power source. 

"The model was,capable of controlled yawed flight at translational 
velocities up to and including 20 feet per second. The effectiveness 

0 

. 



2 
SECURITY INFORMATION 

NIai-~sA52J15 . 
* .I 

of the controls decreasedwith increasing speed, however, and at 25 fps 
control in pitch; and -$rob'ably roll,--& lost'co~letely~ 

to 70 
The model was flown in controlled,fo~srd flight from hovering up - 

f'hs. During these flights the modelappeared to be more diffi- 
cult to control in yaw than it was in pitch or roll. ' :, : , -'-, 

These 
The flights of the model were recorded by motion picture cameras. 
motion picture's .are available on loan from.NACA Headquarters as 

a film swlement to this report. J' , _- ,_ '.iAi l-1 3 , 
* !, - -- '12;. -. _ . _ : s 

‘_ &ODUCTION. . 1. ~5; 
I 

I, 
(_ : :- y .-,-, 

The XF'V-1 convoy-fighter airplane is to be powered by an Allison 
T-40 gas turbine-engine driving a six-bladed counter-rotating Curtiss 
propeller of special design. This- combination will give the airplane 
a thrust-weight ratio greater than 1, enabling it to hover and take 
off and land vertically. Control will,be maintained in hovering flight 
by the' action 'of-the prolkller--siipstreaKon-the inter~~~~t~t~~~cruci~o~ 
tail on which &Ii1 the movable control-s+faces and the landing gear are' 
lo&tea. - In addition toverticaLt&e-offsj: &ndings;'and hovering,:-'~-'- 
the airl.&ne is to be capable of-'&n&ant zilt~t~~e-'eontr~l~~dJfd~~d -:< ,' 
flight in'.the$peed range‘froin hovering up-~thro~~.'ih~'-~or~'Yli~t 
speed's,'&3 constant altitude yawed' flight (wing Span~alined w&h the - 
relative wind)’ rrom hovering'up to 60' f&s:. --m'* Lo' ,i.ti,.w‘.:,-.::- 

I, ‘Q . -, r ,,_ -1 f-1 ̂ 2 .,. _ _' -A' - '- .j _ ., ~. . : '- .' * ,' 3 ‘ : I * '_' -. 
In vi&w of' the-'&w and unusual l'oGs$ed ap~~at~~n~l'r~~~irernents-'~-. 

for the-W.-l and~'the-'laci of iriformation 'o&&he stability'~d.'contrb~ 
paranieters assocfated &h the*$oti-speea andhover%& phases of'thei" - j 
flight k&g&, it appear&d &&-i&i& & st-a$ f&? $&&tibr”.df a,-ajnanii-‘ 1:. 
tally similar free-flight model in situations'~&ulating as~closely as:' .*-.,_- possible those which will be encountered by the~'air$lane: Considera-‘ ' 
tions of wind-tunnel size,, available power and control equipment, and ' 
instrumentation-.problems -l&d to the5 sele&t&in~of‘-8 'i/kkiIe model and. 
the "adoption of the t~ading-f~i~t-'cabie..~t~c~~~~~'. *- - . *' ^_I _',' ,. _ ,. .-A:. _.I .I T.s>:;.: I , 1: -,.:.z a . : -. 

In general, the free-flight tests of the l/4-scale model tihich ':- 
were made in the &es 40- by 80-fpot wind tunnel'were performed with:the 
following objectives inmind:.-fi.rst~ -to demonstrate -that the modei was- 
capable of successfully 'performing the' operational ~equireme~nts-speck.--' *' 
fied for the,airplane* >.' , s~ecdnd, <to verify and sGppl$ment predictions bf " 
the stability and controllability%f.the air$l&ewhich tiere deduced 
from force tests of a:l/lO-scale powered modelf-~and.th&d, to prov&le 
information on the newgiloting techniques involved‘.in accomplishing 
transition from normal flight to hovering flight~',hovefing, and-' 

. -.. _. ._ --.-,-.., !~.' ] 
-. __ ', f (_ I 
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7 vertical landings and take-offs, These tests'were for the most part 
exploratory in nature, since it was felt that no detailed investigation 
of-any'one particular phase of the tests was warranted until qualitative 
information had been attained for all types of flight being considered. . 

. . 
This investigation consisted of hovering flights at both high and 

law altitudes, landings and take-offs, yawed flights at various speeds 
up'to 25 fp;- forward flights at vadous speeds up‘to 70 fps, a;nd forward 
flights' during which the forward speed was changed continuously from 60 fps 
to less than 10 fps. These.flights were recorded in motion pictures, and 89% 
abridged copy of these films is available on loan from NACA Headquarters as 
a film supplement to this report. The discussion of the general fli.ght 
behavior of the model presented in this report is based upon examination 4 of the motion pictures, and pilots* end observers' impressions of the 
flights. , 

NOMENCLATURF: 

-> The unusual nature of the low-speed operation of the XFV-1 has t* given rise to several terms not commonly encountered. Those that are 
used in this report are as follows: 

*:- LI Hovering: The flight condition,in which the longitudinal axis of the 
airplane is vertical and in which the propeller is supporting the 
airplane.' 

Translation: Movement of the airplane in a horizontal plane at constant 
s$eea belay the power-off stalling speed. 

Yaw translat%on: Translation in which the wing is alined spanwise with 
the relative wind. 

Pitch translation: Translation in which the plane of symmetry is alined 
with the relative wind. 

Normal flight: All flight at speeds above the power-off stalling speed. 
I 

Transition: The change from normal flight to hovering and vice versa. 1 I 
I  ,  

,  

? .  

. 
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MODEL BI~sc~IPTI~N . . 
. t 

Y A three-vieq drawing and the important aerodynamic dimensions of 
the model are presented in figure 1. A tabulation of the major physi- 
cal data for the full-scale airplane'is given in table Ir The gross 
weight of the model for most of the flights was about 25C pounds. This * 
does not include the weight of the trailing flight cable supportedby 
the model which amounted to l/2 pouncper foot of altitude. 

Control System 

, 

Control of themodel was obtained by the remote operation of 
movable control surfaces 'located on each of the fpur tail fins.. (See 
fig. 1.) The function of the model control system was to transfer the 
@lot's control signals from his controller,on the ground to correspond- 
ing deflections of these control surfaces on the model. In addition to 
this, the control system included means for providing the model with 
artificial damping about the pitch, roll, and yaw axes. 

A four-channel (one for each control surface) ‘electro-mechanical 
servo system was used to convert signals from the pilot and the motion J 
sensing elements of the artificial dsmping system into the proper 
control-surface deflections, A simplified block diagram of the con- 

'trol system showing one channel of the servo system and the pitch axis 
portion of the artificial daslping system is given in figure 2. The 
corresponding signal circuit is sho'wn in figure 3. An electrical signal 
is fed from the pilot*s controller to the servo system (amplifier, a&u-* -,. , 
Btor; and follow-q pickoff for each channel) which in turn causes a 
corresponding control-surface deflection (6)'. As the.mod$ begins to 
respond to the deflected controls; its angular velocity (g in this case) 

I is measured by a rate gyro and a signal proportional to this .angu&xr' 
motion is fea back to the amplifier to provide the desired additional 
awing. 

The pilot*s controller was equipged with a conventional stick for 
pitch asa roll-and a rudder bar for yaw- A separate calibrated roil- 
control unit was also provided for independent control of the model in 
roll when desired. 

The motion sensing elements of the artificial damping system con; 
sisted of three rate,gyros orientated about the pitch, roll, and yaw 
axes and equipped with variable reluctance pickoffs. The gimbal of 
each gyro was torsionally mounted to provide spring restraint without 

_ 
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.i bearirig friction. Damping for the gyro was supplied by an arbitrary &. amount of silicone fluid placed in the very small air,gap of the pickoff. 

The' servo actuator consisted of a relatively constant~speed electric 
motor of l/20 horsepower continuously driving four.pairs of counter- 
rotating mag.netic-potJaesPclutches through a worm gear arrangement. Each 
control surface was attached to an output shaft which was common.to one 
pair of clutches, .One or the other of the pair of clutches was energized 
by a signal from,the amplifier, depending on the polarity of the signal. . 
In order to damp out small high-frequency oscillations of the actuator, 
it was found necessary to install piston-type hydraulic dampers on the . 
linkages connecting the control surfaces to the actuators. 

Power Plant 
I  

The model power was provided.by two 450-volt three-phase, four=- 
pole squirrel-cage induction motors rated at 38 hp each at 11,000 repot 
lutions per minute.. These motors were coupled to the propellers through 
a gear box providing a 59 speed reduction, Since the propeller pitch I, P. was not adjustable in flight, it was necessary to Prdvide the model motors 
with variable-frequency power to obtain control of propeller speed., This 
power was furnished by an auxiliary motor:generator set in the P C 40- by 80-foot wind tunnel rated at 800 hp at.400 cycles per second; 
Large-scale changes in power from this motor-generator set were made 
with the existing control system, In order to provide for the small 
and relatively rapid power changes which, it was felt, would be neces- 
sary to maintain control.of the model, a hand-operated,rheostat (referred 
to hereafter as the throttle) was provided. This device was capable of 
producing a maximum frequency change of about 520 cpa at a maximum'ra-&e 
of about 16 cps per second. Electric power-and cooling water were 
transmitted to the model through the trailing flight cable shown in 
figure 4, 

_ - 

TESTEQUIPMSNT AND TECBN'IQUE 

Model Tethering 

In order teprotide some means of saving the &de1 in the event 3 
of a power or control-system failurei it was necessary to provide.three 
lines to the model inaddition to the flight cable+ One of these lines Li io * was attached to the nose boom which was attached to.the.propeller.spind 
ner by means of a universal joint- This nose line at the model end 

3:s D f.' 
'0 
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wa6. l/~i~ch4taitiess~teel aircraft cable, This C&ble,was led to the 
We1 'ceiling and throw.& asystem of pulleys to a shock absorber, 
'A I-i@h'm@la line was attached to the shock absorber aM was led down 
to a motordi,~ive~~winch on the floor, Two men were stationed at the, 
win& to crmtrbl t&e zuucnmt-of slack in the hose line, In addition to 
$he n'ose li%e; qne -Letbering line was protided at each wi;ng tip. These 
w'ere&.ttaehed tcs the model gn steel tubes which were fastened to the 
wing-+ti~~arm~eM pods'as sho$u in figure 4. These tubes had been foun& 
ne‘cessary in.flights at the tiockheed p&tit in order that the wingrtip 
lines woul&not %e attache& aft of'the model cebter of gravity. For 
all of the ho-ring and yaw-+tr&.slation flights the winetip liaes 
were j/16-inch sash cord. For most of the pitch--eranslation flights 
t&b .was replaced with l/bnch manila line, The wing--tip lines were 
led from the.m@el through two eyebolts in the floor about ?O feet cm 
either. side of the mtie'i, They were then f&ten& to a length of Ginch 
ya@la, linp.which 'was hela mmually ta provide Black or restraint, a% 
~j5quir+l. 

The i%ght cable menrtioned previously carried all the cijntrol- 
s$stern and Wdzument ied in"aaditieri tb the mdeimotor pow& sna 
co0bnt lineis. T&s cable.tia$ by far %he heaviest line attache& to 
the model (approximately l/2 pounq per foot) and to minimize its effect 
upon the stability of the I&&C% was attached to the mtiel as neer to 
th;e center-of-gravity location as possi'bl6. FOr most of the hovering 
fli&ts b,e Flight c?%le was attached to the model as show in'fig- 
we 4. Xn order to aye-id inteyference between the flight cable and 
the plc$eT tail wheB the model Gas flown in pitch translation at the 
hi@& speeds (lower angles of attack), the flight~cord Gas wrapped 
er:aund the fuselage ad fasten'ecJ to the bottom‘of the fuselage directly 
ur@er ,t;lie previously used attadment point on the pilot*s canopy. 

'< 
Instrumentation , 

The flj.g$d, cB.arac~eristics of the model were recorded. by motion. 

E 

pictuuPe cam&s, C@irol*urface deflections and controller input 
'sigrds were* recorded continqously on a multichanbel oscillograph. 
mse records were +&&en primarily to.proniae a ruzdng cheek on the 

, pkrfoninance of the cbntrD1. system. Power and current itiputs to the 
dode$ ho%;ors+were rec0rded continuously on recording meters. Vind- 
t&n&l spbed, model+qotor speed and temperatures, asd cdntrol-surface 
8eflectiDns were rec'arded contipuously,J3y a 35 millimeter camera. 
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. . . Test Setup for Hovering, Ya+Trsnslation, and' a,>r ._ Low-Speed Pitch-Tr~sl~tfb~'Flights 

7 

Most of the hovering and low-speed translation flights qere per- 
famed in the return section of the wind tunnel just in front of the 
contraction cone. The test setup for the low-speed pitchrtranslation 
flights 5s sIrawn in figure 5. It was fouud-necessary to orientate the 
pilot with respect to the mcdel so that his response an the controls to 
themottons of the model was as natural as possible. For the hovering 
flights the. pilot was in approximately the same position relative to the 
.model as'that used for the pitch&rsnslation flights, and this location 
was satisfactory. However, for the yaw-translation flights the pilot 
remained in the same location as that shown in figure 5, while the model 
was rotated 900 to aline the wing with the tunnel air stream. This was 
done to expedite the tests although it made the pilot's task of properly 
tnterpreting and responding to the motions of the model considerably 
more difficult. 

‘* i 
.L Test Setup for HighTSpeed Translati,Un Flights 

aw .* All the translation flights at speeds greater than 30 fps were 
made with the model in the test section as shuwn in figure 6. Except 
for the wing&tip .tether man and an assistant, the test crew was st- 
t?oned outside the wind tunnel. It was originally intended that all 
of the'test crew be stationed outside the tunnel, and the first wing- 
tip tethering system employed had the wing-tip lines from the model 
fastened directly to the tunnel floor and ceiling through lengths of 
bungee. However, it was found that this did not allow~the model 
enough freedom of movement, and this system was abandoned in favor of 
the manual control of the wing-tip lines which had been used for the 
hovering flights. 

FLIGHT TE&PS 

Hovering and LowSpeed Flights 

pivision of controls. - On the first hovering flights, the model 
pilot controlled only pitch and yaw. Roll control was performed 

+ I i-ndependently by anotker operator. The throttle on these first flights 
was operated by the s&me person who manned the main power control panel 

P T for the motqr~erator set. As the test crew became more familiar . 

? SEXURITY l3FGRMKCION 
1 
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with their tasks and as&the pilot gained proficiency, first roll control 
and then flight power control was given to the pilot. 

Test procedure -- The test procedure followed during the-hovering 
flights was as follcys. With the model on the tunnel floor, partial 
power was applied to the motors to aid the men at the winch in hoisttig 
the model. The model was then hoisted to some predetermined altitude 
(usually 2 or 3 feet) anti the nose line was secured to & cleat on the 
tunnel floor. This was done so that the model cotid not drop to the 
floor from a high atitude in case the men at the winch ‘lost control oh 
the nose line& The model was then hoisted to the flight &Ltitude and 
the,win@ip tethering 'iines were p&ed taut. Power to provide excess 
thrust was applied by the main power controller while the pilot's 
throttle was set for full. power, The nose line..was slacked off until 
l&e nose boom,was about 450 from the vertical.. Power was then reduced 
with the throttle until the model lost altitude slight;ly and flew away 
from the wing-tip tethers, The flights were started fr& taut wing; 
tip lines rather than from a taut nose line because the model was more 
controllable when paing against the wing-tip 'XiheS then.33 was when 
hanging from the nose line- The flight.was terminated byptiing both 
the wing-tip and nose lfnes taut sLmul.taneously. Power was then reduced 
and the model was lowered to the floor with the winch. 

The first attempts at hnding were made by maneuvering the model 
to an altitude of about l.or 2 feet and then,suddenXy reducing the 
power as far as possLble with the thrott:le, However, the power reduc; 
tion,obtained in this manner Was not enough to keep the mode1 securely 
on the ground after the fnitis.3. contact,. On all of these attempts the 
model bounced and skQped.along the.floor out of contrdi until restrained 
by the tethering lines- Successful &ndings were made by having the 
main power-control operator open the mafn.breakers to the model motors 
as the model began to drop to the floor after the pilot had reduced power 
t0 ima. 

Power control dur$ng takePoffs was aZLso.diffi&Lt and the operation 
was performed as follows. W5th the model on the ground and the nose 
line slack, power was advanced by the operator at the mainpower panel 
while the pilot he& his throttle in the full low power position.* When , the power had been advanced to a point just below that required.for 
f&gh-L, the p;Elot took over and, rspitiy~advanced the power to the take- 
off, rating, This h&3 to b e carefiilly done in order that the power 
increase was rapid enough to quickly.protide satisfactory con&o& of the 
niodel an& stili. was slow enough to keep the rate of power increase below 
that which would Qpeh the overload circuit breakers on the motor- 
geherator set. 

. . 
’ 
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-e The low-speed pitch and yaw translation flights which were made in 
,-a th&.return.passage we,re performed,in the same manner as were the hover- 

ing flights. For the pitch-tra&lation 'flights at'free-stream'velocities 
of over 20 feet per second, it was necessary to remove the wing-tip lines 
from the eyebolts in the floor and have them held by men stationed 
upstream of the model. This was necessary because 'the model was held 
approximately in the hovering attitude by the tethering system and there- 
fore had very large drag forces when tethered. 

High-Speed Pitch-Translation Flights 

Scope,- The pitch-translation flights performed in the test section 
covered a range of speeds from 20 fps to 70 fps. In addition, two 
flights were made in which the tunnel speed was decreased continuously 
from 60 fps to o fps. The model was flown both with and without leading- 
edge slats. On these flights the pilot operated all of the model flight 
controls. 

a Test procedure.- The test procedure followed for the high-speed 
/L pitch-translation flights was much the same as that used for the hover- 

ing and low-speed translation flights in the return section. The main‘ 
difference was in the application of the model power. Instead of begin- 
ning these flights with excess power and then having the pilot reduce 
power to that required for trim, the pilot held his throttle in a neu- 
tral position and the main power-control operator set the power to that 
required for flight at that particular speed. When this had been done 
the pilot took over the power control, 
and the flight was begun. 

the tethering lines were relaxed, 
This procedure was necessary at each flight 

speed because the variation in power required for flight over the speed 
range tested was larger than the range of power available from the 
throttle. When the transition flights were made, it was necessary for 
the pilot and the main power-control operator to coordinate their efforts, 
the pilot calling for a change in power setting as he approached the 
limit of his power control, and then controlling the model power while 
the coarse change was being made at the main power-control panel. L 

In general, the flights in the test section were much more difficult to 
perform than the flights in the return section. This was primarily due 
to the large reduction in available flight area which made,it necessary 
to maneuver the model much more precisely than had previously been re- 
quired. The men on the tethering lines had to be particularly careful at 
the higher tunnel speeds when the model at times had a tendency to 

Y .e oscillate when the tethers were taut. Also, the field of vision of the 
flight area by all the crew except the wing-tip tether man was somewhat 

* c 
restricted since they were outside the tunnel and had to watch the model 
through windows. 

.3 SECURITY INFOFWATION 
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COil!.EIOLiSYSTEM TESTS &lD CHARACTERISTICS 

The model behavior is determined not only by its a~o&ynsmi.c char- 
acteristics but also by the control-system characteris&s,.especially 

:as they affect the over-&l.dsmping of the mod& Therefore3 in inter- 
preting the mu&e1 test results> it is necessary to consider the control- 
systembehavior.-. It is also desirable to know the extent to Which the 
characteristics of the automatie~ stabilization system canbe realized by 
-present-day equipment in the full-scale airplane+ Therefore3 tests Were 
made to determine quantitatively the performance :of the eon‘krol system. 
The characteristics which heed to be k to permit &equate sn5lysi.s 
of the system are the gearings, or sensitivities3 -& the dynamic 
responses of the servo system and of the rate gyros? 

For convenience in the following present&-&oh the four servo &an- 
nels are referred to by n'Lnnber as follows: The control surface of the 
ucpper left fin,when viewed from the airplane nose is &iven by servo 
channel~numberl,thatof the iover left finby nuuiber 2, that of the lower 
right fin by nun&r 3, ,a$ that of the upp-er right finbynuniber 4, 

Steady-State Characteristics 
A. : 

Amplifier*- Examination and preliminary tests indicated that the 
amplifier exhibited nonlinear characteristics Well before other c&.t@q~ 
nents in the system and, hence> was the limiting element insofar a& 
linearity Was concerned. The static gain of the amplifier for various 
input voltage levels is given in figure 7,* Amplifier gain-control set- 
ting was the same as,used in flight and bench testsi It c@.n be seen 
that the output is linear only w to an input of 02 volt although the 
biggest change in slie of the curve occurs somewhat beyon& 042 volt, 
The armplifier is effectively saturated at 0-6 volt. 

OVer-all geasing of rateTgyr0 servo-system co&ination,- The over- 
all gearing is given in terms of the control-surface -defl@ion,per unit 
anguk ve'locity input to the rate gyroa All data Weretaken with 8 
rate potentiometer .setting of 4 and a servo feedbs&k potentiometer tie%4 
ting of 5 as normally usea in flight. The deflection of control-surface 
number 2 was measured in each cases Graphs of the gear-s ace given 
in figure 8. Th& m.xrved portions at the extremes of the pitch gesring 

\ 

piot are due to the characteristics of the servo follow-rp pi&off .at 
large deflection angles. .- 

* L . 
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L 
_ ._~,.,.,~ The slopes of the lines represent,the over+ll.gearings and are as f(yJJows :‘ 1. _: . . ,,, 

: Roll 
pitch 
Yaw 

230 per radian per second 
720 per radian per second 
290 per rad5a-n. per axond 

4 
c ,c 

*CL c 

E . 

Rate&gyro sensitivity.- The sensitivities of 
ometers for the normally used setting of 4 are as 

Gyro sensitivity 
(volts r see ) 

Roll 1~~6 
Pitch 16.0 
Yaw Ll.6 

The rate-gyro output was 

the gyros and potenti- 
f UXl.OWS; 

Transmission of Combined rate 
rate potentiometer sensitivity 
(percent of input) (volts/rad/sec~ 

22.6 percent 2.40 
42&C percent 6.72 
23.5 percent 2-73 

found to be linear up to 6 volts or more. 
The rate potentiometers were found to be quite nonlinear and graphs of 
their calibrations are given in figure 9 so that attenuations for set- 
tings other than 4 may be obtained. 

Servo-system static sensitivity.- The sensitivity of the servo 
system alone was calculated from the foregoing data for channel 2 at a 
feedback setting of 5., The average value obtained was 10° deflection 
per volt input to the amplifier. During flight tests all servo chanr&s 
were set to give this seme sensitivity. 

Dynamic Characteristics 

Rate gyros.- The undamped natural frequency of the rate gyros 
was 59 cps. Damping of the gyros was variable and the transient 
responses of the pitch gyro for three conditions are given in figure 10. 
The curve labeled light damping represents the condition of the gyro - 
that existed at the conclusion of the tests in the return section of 
the tunnel. The rise time, defined as the time required to reach a 
magnitude within 10 percent of the final value, is about 0.01 second. 
The normal damping curve shows a rise time of 0.05 second which was tile 
value existing at 
the tunnel. 

the start of the flight tests in the test section of 

Tests of the yaw and roll gyros showed them to have rise times on 
the order of O-03 to O&O5 second. 

,SECURITYINFCUMATION 
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Variations in the responses due to different amplitudes of inpu% 
steps were found. to be no more than those occurPing during repeated 
skps at the same amILt.itude~ 

Ik is probable that the value of damping decreased somewhat 
throughout the fiighttests due to the nature of the daarn>ing mechanism : 
employed6 While possibly significant during the return-section tests 
since these occqied a long period of time, the change during test- , 3 
section flights was very likely negligible, 

Although rise tines of 0.03 to 0.05 second are not considered ' 
excessive compared to the response times of the model, it would appear 
destiable in future tests to reduce the damping of &Ll gyros to give a 
rise time of about O-02 seeon& -roved phase re@ons$ &hat is, less 
phase lag at low frequencies, would thus be obtained+ 

Servo-system transient,testsa- The,respnse o-f the servo system 
to a step input voltage was obtained for vsrious input niagnitudes~ The" ' 

# tests were msXLe without hinge-moment load on the control surfaces; mder‘ ,' 
load the responses would probably be damped a lit$le more but would have 
slightly longer rise t&nes, This effect shouldbe negligible since the 
air lo&s yere sm$U compared to the mechariical loads of the system* 

As mentioned previouslyF an input of OJvolt -or less was required 
to maintain completely linear operation+ However, this ~a.lue ?miki~dt 
produce a usable output s.ud Ok2 voit was considered the lowest practical.. 
, qnpXLtude . A level of 0.5 volt was -probably charactaristic of norm& 
Qperation since the amplifier did not entirely s&urate at this vz&ue: 

It should be noted.that the input voltage to the ser+W system 
exists as an effective error voltage (net 'input to the sn@lifier) only 
at the start,of the transient; as soon as the output responds, the 
Toltage from the follow-up pickoff begins to .canc& the input voltage, 
thereby reducing-the error voltage. Hence9 the s~@ifi~raay only 
o-per&k h the nonlinear range for a very short time ~de~en&ing~ of 
courses on the actual input magnitude* L 

. Transient responses for channel1 of the. systemat a feedback set- 
ting of 5 and the am&ifier .@n near maximum, which were the values 
used for flight tests,, tie Iresented in figure llr The rise time from 
sb.rt of the ste input varies betw'een 0,04 and O,Og second and was 
about Oo07 segond for the majority of responses+ 

There is considerable variation between the responses in the %J?O 
directions and for different smplitudes- The resp'onse for any one con- 
dition could be repeated quite consistentlyj however* Friction in the 
system and unequal mounts of fluid in the servo hydranlic.dampers are 

-. 
SECURITY INF0RJ!4AT10N 

_ ._- _  .-. ._ __-~, .-~--.- ---mm 
; :;. ‘;,,a.,, I” 



) --~ _ 

1 
‘1 

; ;’ .I i 

1( NACA HM SA52J15 13 
1) 

SECURITY INFOHMATION < 

a likely causes of these differences. The small offsets in the curves are 
P believed due to small variations in the contact resistance of the record- 

-.' ,ing potentiometer since-very small angles were being measured& 

F,or the sake of comparison, the responses of channel 1 and of two 
other servo channels for a step input of 0.5 volt, other conditions 
being the same, are given in figure 12‘ The %wo directions of motion 
are illustrated for each channel. The sharp spikes on the curves for 
servo number 4 amear to be due to irregularities in the recording poten- 
tiometer. 

Servo-system frequency response.- The amplitude ratio of the 
frequency response of channel 2 of the servo system as determined from 
sine-wave tests is shown by the solid line in figure 13. Input magni- 
tude was kO.5 volt with feedback potentiometer set at 5. For comparison 
and to supplement the sine-wave tests, several frequency responses were 
calculated from transient responses to a step input with the aid of an 
IBM machine and are also shown in figure 13. The dash-dot curve is for 
the same condition as the response obtained from sine-wave tests. The 
other two curves represent some extremes of operation encountered during 
the tests. 

Since the system is operating in the nonlinear range a part of the 
time, it would be expected that there would be differences in the fre- 

I . quency responses obtained in the two manners. The peak value of input 
for a sine-wave test is constant with frequency, while the smplitudes 
of the frequency components of a step function input vary.inversely with 
frequency. 

RESULTS AND DISCUSSION 

The main results of the tests are discussed in the following para- 
graphs. However, the flight characteristics of the model are more 
clearly illustrated in the motion picture records than is possible in a 
mitten description.. For this reason, a film supplement to this report 
has been prepared and is available on loan from NACA Headquarters, 

In analyzing the flight behavior of the model, it is important 
that the limitations inherent in a test of this type be kept in mind. 
One, of the most serious of these is the fact that the model pilot has 
no feel of the accelerations of the model and must wait until an atti- 
tude change has occurred before taking corrective action. Thus, there 
is a time delay in the model-pilot dynamic system that is not encoun- 
tered in the airplane-pilot dynamic system. Also, as shown by the 
dynamic similarity relationships given in the appendix, the time scale 

SECURITY INFOHMATION . 
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, 
of the model is equal to that of the ,airplane multiplied by the squ&?e b 
root of the model scale, while the response of the pilot is independent ' 
of scale. Hence, even neglecting the lack of feel-mentioned previously, 
the pilot*s response compared to the model characteristics is one-half 
as fast as it would be when compared with those for the f&L-scale air- , 
plane. These limitations g0tia apply to remote controlled flights of . 
any dynamically sLmiiarmo&& 

In order to mitize the interaction between $he model and its ; 
flight cable and tethering lines, all the tethering lines attached to 
the model during these flights were as small as possiblei, The flight 
cable (the largest of the lines) was attached close to %he model center 
of gravity- With this arrangement;, it is believed that when the model 
was in'stetiy-state flight or unaergoing maneuvers of a small magnitude 
the effect of these external lines upon the mociel flight behavior was 

.smaJ..l.. '"' 

Hovering.- The hovering flights were directedp&%.cui.arly at the 
following objectives: first) familiarization of the test crew with 
their tasks and with the model; second, evaluating roughly the smount 
of artificial damping from the rate gyros necessary ta.give the model 
stability and control characteristics 'which were satisfactory to the 
pilot; and thirds investigation of the behayior of the model when flown 
at the low altitudes required in take;off and landing operations. 

It was found that the control surfaces in the .slipstresm were very 
effective when the model was havering with the taila foot or more above 

7 
In fact, the response of the model to the,contrdls and to 

‘"i 
random disturbances was so rapid that it was always necessary to provide 
some amount of artificial damping in order to slow down the,ang&r 

' velocities to values consistent uith the pi.lotCs response time. 
\ 

' In-the time available for'the tests, it was not -possible to ,deter- 
mine sn optimum combination of damping about the pi$ch, roll, and yaw 
axes (i;"eo, the minimum total amount of rate-gyro signal to provide sat- 
isfactory stability and controllability), The first hovering flight was 5 *, 
made with a relatively iarge amount of dsmping and> while the flight was 
smooth and steady, the pilot complained of lack of meuverabifity, 
since the controller signal was small with respect to the &mping signsl~ 
It was not possible to readily.increase the controller outputs above the 
values being used,. so the dsmping signal setting on‘siibsequent flights 
was reduced equal amounts on all axes until abslanebet'ween stabil- 
ity and controllabiliti satisfactory to the pilot had been achieved, 
The,final damzping signal settled upon wa;s a rate setting of'4*0 to &Li, 
gyros which gave a control-surface output of about 7Ooper radian per 
second in pitch,,and 250 per radian per second in roll and yaw, However, 
these amounts of damp.ing.sreby no me&us the minimum required for 

4 L 
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,t 
contralled flight of the model and represent only the results of a brief 
investigation. .a . . , One flight was made with no damping in yaw and two 
f'll&ts tiere- made"with no damping inpitch due to failures,in the rate-‘ 
gyro circuits. On all of these flights the pilot was able to maintain 
control \ after.he became used to the increased sensitivity of the model, 

~ 

although there was a tendency to over-control resulting in some oscilla-) 
tions about the undamped axis. Early in the tests two attempts were 
made to fly the model with no damping whatsoever, but on each try con- 
trol was quickly lost. It is -possible that by increasing the ratio of -, 
stick motion to control-surface deflection and gradually eliminating F' 
the artificial damping on one axis at a time the model could be flown Y' --~ 
with no artificial damping at all. However, it would not appear that ( 
the model could be flown easily by one pilot under these conditions. _,I/ 

No difficulty was encountered with altitude control during the hov- 
ering flights although the speed response of the motor-generator set was 
not as high as had been desired. It was found that control of altitude 
and rate of change of altitude were best made by making small and care- 
ful power adjustments and allowing time for the model to respond. It 
should be noted that some amount of altitude stability was obtained from ,. 
the flight cord, since the weight of this line which was carried by the 

_ * model was a direct function of altitude (approximately l/2 pound -per 
foot). 

The model was very difficult to control when the tail surfaces were 
within 1 foot of the ground and controlled flights at altitudes less 
than 1 foot were never maintained for any appreciable length of time. 
This control difficulty was shown by tuft studies to be due to the 
deflection of the slipstream by the floor so that the direction of the 
resultant velocity over the control surfaces was roughly parallel to the 
hinge lines. 

Landings.- Landings were fairly easy to perform by hovering the ' 
model between 1 and 2 feet from the floor and then cutting the power to ‘F 
rapidly deseend through the region of low control effectiveness. In 
addition to avoiding flight at too low an altitude On the landing 

,' 

approach, it was also necessary for the pilot to keelp the longitudinal 
axis of the model vertical and to avoid high t&,nslatory velocities 
when contact with the floor was made. On one &,nding in which the 
pilot was attempting to hit a target on the floor, rudder was applied 
in order to move closer to the target just as the -power was cut. The 
model landed on two wheels and would have fallen except for‘the nos‘e 
line. However, this was the only instance encountered during the inves- 
tigation in which the model threatened to topple during a landing. In 

c -4 general, the pilot had little difficulty in maintaining the attitude 
required for a safe lending. 
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Take-offs.- It was found mpre.diffieult to perform,smqbth take-6ffs = 
with the model than smooth ~antigs, This was due lie to the pret'i- 
~&mentioned limited rate of pier response from&he ‘nicit:or-gene%'ato 
set e Another &if'ficul,Q -encqunteredwas. the tend&xcy of the model ‘to 
roll backward on the fl.oor 8s the power was advanced; Thig was. caused 
by the lifting force of the sl3p&ream. on the wtigg, which are set at 
positive incidence; This ground.mll, .was: &gim.ted .&h ‘the model f'figh@ 
by setting the mdder %o theside of the fiight area sq thqt the let iif 
the %?'ings couldbe takea out on the wing-tip fetherhg B.n&s; Take-@% 
Were accomplished in this manner but they were never @q smooth, and 
Were characterized by erratic and szlmetimes large ~&a~~ati~nari veioc-* 
ities until the tiodel had risen apay f~+oin the region pf zdgr contr& he&r 
the ground- Xt shotid be nokedhep that the time sp.nt.op the take+ff 
5nvestigationWs very 'iti%ed and9 h@ thepilotbeen &Tenmore p&c- 

. 

tice, t&e flights woufd haye undoubtedly been sm@$her.k 

, 

Yaw'transiation+- The nlrmber "of Plights devoted tq yaw translatidn 
was limited to four, a& these were deyoted pr&$Lr~ t6 bracketing the 
yaw translation speed at which contrql~oul.~ be 3~4.~. It was demon- 
strated that the con&r&s vere &X4 effectfve at a yaw tBnsl&ion .$peBd 
of 20 fps9 but at 25 i?p control. was lost inpitch,. 'andpossibiy r&L, 
Due to this 16s~ of control the tfme spent in free fJi#t.at 25 f$s away 
from the tethering 3&&s was very late& It was !suffici&t, howeyer, 
ti show that the m$Le~.yould. respond t-cl. yaw &&r&L inputs and had.ncr 
response, for aXt.~ra~ticaX pulposes, inpfixh ~TG!LL'@& This loss af 
contrql in yaw tians~aljion between speeds of 20 fps anti 25 &s is SW- 
wha& lower th& the contx&i.oss speed of 25 f'ps $6 30 fp!s pedicted 
from the results of the l/lO~s&l.e-model fopce testt;s, H(jWeyer,.these 
predictions were ba&d upon studEes of yawing mment required far trim 
versus yawing z0nent avtil.a%Xe from the tail* It -pears Jogi&. that;, 
with this tail cgnfiguration, ccIntro1 wotid be 'iost in pi$zh and r&Ii. 

before it is lost 3.n yaw; since, when the up&ream q3ntroX surfaces are 
out of the slLQ&ream, $he yaw conixol. re'spnse of the system is the 
,0&y one which is not -distorted. 'Under these cotiitions a pure pitch 
irtpqt signal by the pilot wiJl result in a conibination qf pit&i and roil. 
response from th? z&&l3ne,. ma yice-7rePsa, whereas apuVe yaw inpt 
signal shotid yield &pqe yziw response, 

Pitch translation6- Sat?.sfactory control in pi+h -t;ra;nsla$lon was 
deponstrated t&ough a range of ,spe&ds f'pxu~ 20 f‘ps: to 70 f&s- The moae& 
was flownboth w&th.and without leadfng-edge ,&a-& a& whilie $uft 
skudies indicated that e&ended leading-edge slats r@ueed the am.@& 
of s-killed. are& on %he wing, neithe+ $he pilot no$ the cjbseryers n&$ced 
any sign.ifi@an~ differences in the*f%ght &arac.f;e&t&cs-of the.mo&& 

I i 

At 70 fps9 the. highest speed flqwn tipitch tr$&&&?@xJ_;the model 
was at about 25O angle of %&ati= The kuft(; on the ~g&ndica%ed that 

. 

. 
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c z??E-,- ,i .' the wing outboard of the propeller slipstream was still stalled. -How: 

'- ever, at-this. speed the-tethering loadswere~becoming- quite large, and 7 " 
the model indicated a tendency to oscillate in pitch when restrained by 
the tethering lines. 

y L 
In view of these difficulties, it was deemed advis- 

able not to risk the model in flights above this speed. It does not' 
appear that any serious difficulties should be encountered by the full- 
scale airplane in the flight range between the advent of wing stall 
and 25'.angle of attack. 

At the beginning of the test it was expected that one of the worst 
difficulties encountered in the pitch-translation flights would be in 
the coordination of angle of attack and model power to hold a steady 
position in the tunnel. In spite of the low rate of power response 
available for the test, this problem failed to materialize. Figure 14 
presents a power record made during a continuous slow down transition 
in which the model was flown from 60 fps to less than 10 fps. It is 
apparent that no large or abrupt changes in power were made even though 
.it was necessary to change the power setting occasionally with the rela- 
tively coarse control at the main power panel. 

The' change in elevator angle required to trim with speed was not 
as severe as predicted from tests of the l/lo-scale model. This may 
have been partially due to the change in moment contributed from the 
flight cable as the model changed attitude and speed. 

In general, the motion of the model on these flights was primarily 
in yaw. On some flights the pilot called for more damping in yaw, and 
the setting of the -Y%%'e potentiometer for the yaw rate gyro was increased 
from 4.0 to 4,5. Controlled flights were made with both settings. At 
speeds of 65 fps and 70 Qs, it appeared that control in pitch was becom- 
ing more critical and the tendency to yawing motions was diminishing. 
However, this may have been caused by random disturbances from the nose Jj , 
line9 since this was now at a relatively large angle to the thrust line i' "/ 
of the model and hence could contribute sizable pitching moments. 

Control system.- Although the transient responses of the control 
system presented in figures ll..and 12 are somewhat erratic, the net 
effect on the flight characteristics of the.model should be small since 
the over-all response of the control system is fast compared to the 
response of the model and pilot. This conclusion is sworted by the 
frequency-response data presented in figure 13,. where it is shown that, 
in the frequency range of interest as far as the model is concerned 
(up to 1 or 2 cps), the amplitude ratio and phase are both within 

. k-l reasonable limits. 

. ,' 
In order to transfer the data obtained from the model-control- 

system tests into information applicable to the airplane control system, 
..<,.L 
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it is necessary to refer to the dynam ic sim ilarity rei‘ationships out- s 
lined in the appendix,. Here it is shown that fora l/&scale m odel, ' 
full-scale tim e is twice that at m odel scale& Therefore, the aynaslrc 
requirem ents for the airplane control system  needbe only half as 
stringent as those of the m odei system j hence, the rise tim e could be 
twice that of the m odel com ponents, or,, iooking ati%  in another way, 
the equivalent natural frequency needbe only half that of the m odel' 
dom ponents, 

Power at full scale is increased by,a factor of the airplane-m odel: 
length ratio to the 'j'/2 power wkich, in this case, is ~28 tim es, Thvs 
the 1/2O'hp servo drive m otor on the m odel represents a total of 6.4 krp 
at full scale, Assuming that four separate hydraulic servo valves and 
actuators are used, .each would have to ha&e 1.6 hp, a figure easily 
obtainable~wkthm odern high-perform ance systems of khe,re@ .red dynam ic 
characteristics, This figure is believed to be very conservative.because 
the gear box on the m odel servo absorbed m ost of the load; this was shown 
by the'fact that the m otordrew -more than rated current.tith the clutches 
disengaged. 

The following con&sions pertaining to the general, fi&ht behavior . 
of the XFV-1 airplane were m ade from  the results of flight tests of.the 
l/4-scale m odel: 1 

lo The airplane in hovering flight W ill probably amear to be 
neutrally stable to the pilot., It is possible that the airplane m ay be 
controllable without artificial stabilization, but it is questionable 
whether the.handling qua@ ti& wo&l.be donsidered good bygilots. 
It would be desirable to we provision in the prototype airplane for 
autom atic stabilization equivaI.ent to that used on the m odel. Data are 
presented for the a&tom&Se stabilization system  to grovidk the basis 
qponwhich specikka‘kions of an autopilot for a f@kx$le airpkne 
could be m ade. *  

2, 'Landings and take-offs in c* air should not be diffic&t, 
provided the pilat has sufficient rate of change of thrust to m ove the 
airplane .quickly through the region of poor controlnear the grour& 
In this regard, the rate of'cqge of thrust available to the m odel in 
these tests could not be considered satisfactory for the airplane. 
Landings and take-offs at constant translational W indveIakities Were 
not attem pted in this investigation, but they would certainly appear to *  

, be m ore digficult -khan those done fn stiu a2qb 

. 
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Y  3 3  .Fl ight o f th e  a i rp lane  in  y a w  t ranslat ion wi l$  p robab ly  b e  
c lim ite d  to  s p e e d s  o f k0  f'ps  a n d  u n d e r . I. A s  th e  s p e e d  is increased,  th e  

c;6ntro l 'e f fe;c t iveness~xi l ls teadi lydiminlsh s a n d  a t--5O ..f'p s ~ c o n troi in  
p i tch a n d  rol l  wi l l  b e  c o m p l e te ly  g o n e . 

4 . T h e  a i rp lane  shou ld  b e  c o n tro l lable al l  th r o u g h  th e  pi tch- 
t ranslat ion s p e e d  r a n g e . Dur ing  th is  invest igat ion o f fo rward  fl ight, 
c o n trol o f th e  m o d e l  in  y a w  w a s  usua l ly  m o r e  diff icult th a n  it w a s  in  
p i tch or  rol l -  

A m e s  A e r o n a u tical L a b o r a tory  
N a tio n a l  Adv isory  C o m m i tte e  fo r  A e r o n a u tics 

M o ffe tt Fie ld,  Q lif. 
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' CONDITIONS FOR DXNAMIC SIMII$RITy 

If the effects of Mach number'and JXeynolds number are not signifi- 
cant, the motions of a model will be simikxr to those at full scale if 
the model density and Fxaude number are the same as the aii-plane density 
and Froude number0 In other words, if compressibili-t;y an& viscous 

-effects can be neglected, the dynanie characteristics of the model will 
be representative of those of the airplane if , 

and 

C’~c&l= C’]af,la, . 
These relationships lead to the following requirements-between the model 
and the full-scale airplane: 

Quantity 

Length 
Area 
Volume 
Density 
Mass 

* Force 
Linear acceleration 
Angular acceleration 
Line&r velocity 
Angular velocity 
Time 
Moment 
Power 
Dynamic pressure 

Value at till 
scale 
D 

7 
Y 
P 

lm 
F 
F9 g 
a 
5 
w 
T 
M 
P 
c!. 

Value at 
model scale 
a = D@/D, 

. w/IO2 
. v(a/D)S 
P 
m@/D> s 
F(d/D)' 
a2 t3 
a(d/D)--> 
v( a/p, I/2 
& (a/D)‘zf2 

T(L~/D)"~ 
M(L~/D)~ 
P(d/?)7'2 
'cd+) ' 

. l 

I -.-- 
W.-c.--. -. - 
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Quantity 
. . . -. , . . 1 

BLade Angle 
Reynolds number 

'Mach number 
Moment of inertia 
Radius of gyration 

l . 

Value at full .Value at 
scale model scale _, I . 

B: B 
R R(d/Dp/' 
M M(d/Df12 
I I(d/D? 
k k(d/D) 
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NACA RM SA52J15 
SECURITY INFORMATION 

- FULL-SC&E PHYSICAL PROPERTIES 
-OF THE.W~ APLANE ~(TAKE-OFF) 

I c 

I, il /j 
I ‘/ \ 
1 i. . 

. 

F 

Gross weight ... ; .. ; ..... ; .......... 15,600 
Maximum horsepower .................... 7,000 
Propeller revolutions per minute ............. 1,100 
Propeller diameter (feet) ................... 16 
Activity factor. ...................... 140 

Wing 

Span, feet. ...................... 27.5 
Root chord, feet .................... 13.5 
Tip chord, feet .................... 4.417 
Mean aerodynamic chord, feet ........... ., .. 9.708 
Aspect ratio ...................... 3.07 
Taper ratio ...................... 0.327 
Area, square feet .................... 246 
Dihedral of wing reference -plane 

through &O-percent chord, degrees ........... i . 5 
Incidence, degrees ..................... 1 
Length of wing-tip armament pods, feet ........... 14 
Diameter of wing-tip armament pods, feet ......... 1.5 
Airfoil section. ................. NACA 65A206 

Tail 

Span, feet ...................... 12.255 
Root chord, feet .................... 7.083 
Tip chord, feet .................... 2.667 
Mean aerodynamic chord, feet .............. 5.208 
Aspect ratio ...................... 3.55 
Taper ratio ....................... 0.376 
Total area of four surfaces, square feet ....... ; 169.0 
Total area of four movable surfaces, square feet ..... 32.8 
Incidence (angle in vertical plane) between fuselage 

reference line and intersection of all chord 
planes, degrees ............... i .! ... -4 

Sweepback angle, quarter chord, degrees ......... 30 
Airfoil section ................. NACA 65~007 

SECURI'IY INJ?ORMATION 
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SEX3JRITy I I?FC%MATION 

FIGURF,IJ$$ENDS 

.FYgurel .* Three-view drawing of the l/k-scale model  of the XFV-1 airplane. 

Figure 2.- Block diagram of control system. 

Figure 30- Schematic diagram of one channel of control, system. 

Figure 4~' Photograph of the model with tethering lines and flight cable 
attached for hovering flight, 

Figure 5*- View of the model and test equipment as arranged for the lowi 
speed pitch-translation flights in the return passage of the wind 
tunnel. 

Figure 6.- Sketch of test setup for the high-speed translation flights 
in the wind-tunnel test section. 

Figure 7O - &plifier gain characteristics. 

Figure 8,- Rate gyro - servo gearing calibrations for servo no, 2  
with a  rate setting of 4.0 and a feedback setting of 5.0. 

Figure g-=- Rate potentiometer calibrations, 

Figure lo.- Transl.ent response of pitch rate gyro, 

Figure Il.- 
voltages. 

Transient response of servo no. lfor various step input 

Figure 12.- Transient responses of three servos for Oi5--volt setup- 
input signal. 0  

Figure 13.- Frequency response of servo systemW (a) Amplitude ratio, 

Figure 13.- Concluded. (b) Phase. 

Figure 14.~ Time history of variation in power input to m&e1 motors 
during a slow-down transYtion from 60 fps to less than 10 f'ps. 
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Figure . - Photograph of the model with tethering lines and 
cable attached for hovering flight. 

flight 
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Figure 5.- View of the model and test equipment as arranged for the low-speed pitch- 
translation flights in tho return passage of the wind tunnel, 
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Figure 6.- Sketch of test setup for the high--speed translation flights 
in the wind-tunnel test section. 
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F igure 14.0 T ime history of variation in power input to model motora 
during a slow-down transition from 60 fps to lees than 10 fps. 
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